New views on old carbon in the Amazon river : insight from the source of organic carbon eroded from the Peruvian Andes. by Clark,  K.E. et al.
Durham Research Online
Deposited in DRO:
14 April 2015
Version of attached ﬁle:
Published Version
Peer-review status of attached ﬁle:
Peer-reviewed
Citation for published item:
Clark, K.E. and Hilton, R.G. and West, A.J. and Malhi, Y. and Grocke, D.R. and Bryant, C.L. and Ascough,
P.L. and Robles Caceres, A. and New, M. (2013) 'New views on old carbon in the Amazon river : insight from
the source of organic carbon eroded from the Peruvian Andes.', Geochemistry, geophysics, geosystems., 14 (5).
pp. 1644-1659.
Further information on publisher's website:
http://dx.doi.org/10.1002/ggge.20122
Publisher's copyright statement:
Clark, K. E., R. G. Hilton, A. J. West, Y. Malhi, D. R. Grocke, C. L. Bryant, P. L. Ascough, A. Robles Caceres, and
M. New (2013), New views on old carbon in the Amazon River: Insight from the source of organic carbon eroded
from the Peruvian Andes, Geochemistry, Geophysics, Geosystems, 14, 1644-1659, DOI: 10.1002/ggge.20122. To view
the published open abstract, go to http://dx.doi.org and enter the DOI.
Additional information:
Use policy
The full-text may be used and/or reproduced, and given to third parties in any format or medium, without prior permission or charge, for
personal research or study, educational, or not-for-proﬁt purposes provided that:
• a full bibliographic reference is made to the original source
• a link is made to the metadata record in DRO
• the full-text is not changed in any way
The full-text must not be sold in any format or medium without the formal permission of the copyright holders.
Please consult the full DRO policy for further details.
Durham University Library, Stockton Road, Durham DH1 3LY, United Kingdom
Tel : +44 (0)191 334 3042 | Fax : +44 (0)191 334 2971
http://dro.dur.ac.uk
Article
Volume 14, Number 5
31 May 2013
doi:10.1002/ggge.20122
ISSN: 1525-2027
New views on “old” carbon in the Amazon River: Insight
from the source of organic carbon eroded
from the Peruvian Andes
K. E. Clark, Y. Malhi, and M. New
School of Geography and the Environment, University of Oxford, Oxford, OX1 3QY, UK
(kathryn.clark@ouce.ox.ac.uk)
R. G. Hilton
Department of Geography, Durham University, Durham, UK
A. J. West
Department of Earth Sciences, University of Southern California, Los Angeles, California USA
D. R. Gröcke
Department of Earth Sciences, Durham University, Durham, UK
C. L. Bryant
NERC Radiocarbon Facility, East Kilbride, UK
P. L. Ascough
Scottish Universities Environmental Research Centre, East Kilbride, UK
A. Robles Caceres
Facultad de Ciencias Biológicas, Universidad Nacional de San Antonio Abad del Cusco, Cusco, Peru
[1] Mountain rivers play a key role in the delivery of particulate organic carbon (POC) to large river systems
and the ocean. Due to the extent of its drainage area and runoff, the Amazon River is one of Earth’s most
important biogeochemical systems. However, the source of POC eroded from the humid region of the
Eastern Andes and the input of fossil POC from sedimentary rocks (POCfossil) remains poorly constrained.
Here we collected suspended sediments from the Kosñipata River during ﬂood events to better characterize
Andean POC, measuring the nitrogen to organic carbon ratio (N/C), stable carbon isotopes (d13Corg) and
radiocarbon (Δ14Corg). Δ
14Corg values ranged from 711% to 15%, and signiﬁcant linear trends between
Δ14Corg, N/C and d
13Corg suggested that this reﬂects the mixing of POCfossil with very young organic matter
(Δ14Corg ~ 50%) from the terrestrial biosphere (POCnon-fossil). Using N/C and Δ
14Corg in an end-member mixing
analysis, we quantify the fraction of POCfossil (to within 0.1) and ﬁnd that it contributes a constant proportion of
the suspended sediment mass (0.37 0.03%) and up to 80% of total POC. In contrast, the relative contribution
of POCnon-fossil was variable, being most important during the rising limb and peak discharges of ﬂood events.
The new data shed light on publishedmeasurements of “old” POC (lowΔ14Corg) in Andean-fed tributaries of the
Amazon River, with theirΔ14Corg and d
13Corg values consistent with variable addition of POCfossil. The ﬁndings
suggest a greater persistence of Andean POC in the lowland Amazon than previously recognized.
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1. Introduction
[2] Mountain rivers are an important component of
the world’s major river basins and play a crucial
role in lowland river biogeochemistry and carbon
cycling [Gibbs, 1967; Hedges et al., 2000; Galy
et al., 2008b; McClain and Naiman, 2008]. High
rates of physical erosion can result in the efﬁcient
transfer of particulate organic carbon (POC) by
rivers [Kao and Liu, 1996; Stallard, 1998; Hilton
et al., 2012] which are also dominant sources of
clastic sediment from the continents [Milliman
and Syvitski, 1992]. The association of POC with
mineral sediment can inhibit its degradation during
transport and deposition [Canﬁeld, 1994; Hedges
and Keil, 1995]. As a result, mountain rivers can
contribute importantly to the transfer of POC to
large river systems [Hedges et al., 1986a; Galy
and Eglinton, 2011] and in the delivery of POC to
the ocean [Lyons et al., 2002]. Constraining the
source of this POC is fundamental to understanding
how its erosion and transfer impacts carbon cy-
cling. Mountain rivers can transport POC eroded
from the terrestrial biosphere (POCnon-fossil), re-
cently ﬁxed via photosynthesis from atmospheric
CO2 [e.g., Hilton et al., 2008b]. POCnon-fossil trans-
fer exports a fraction of gross primary productivity
[Malhi, 2012] and if it escapes oxidation during
transport [Mayorga et al., 2005; Cole et al., 2007;
Tranvik et al., 2009] and is buried in long-lived
ﬂoodplain sediments [e.g., Stallard, 1998; Aalto
et al., 2003] or offshore [e.g., Galy et al., 2007b]
can be a net sink of atmospheric CO2 [France-
Lanord and Derry, 1997]. At the same time, phys-
ical erosion can mobilize older POC [Galy and
Eglinton, 2011; Pawson et al., 2012] which if oxi-
dized may counter contemporary CO2 drawdown
[e.g., Galy et al., 2008a; Bouchez et al., 2010]. In
mountain rivers, fossil organic carbon from sedi-
mentary bedrock (POCfossil) can be signiﬁcant
[Kao and Liu, 1996; Blair et al., 2003; Leithold
et al., 2006; Hilton et al., 2011a], having a marked
impact on the elemental and isotopic composition
of particulate organic matter [Komada et al.,
2004; Galy et al., 2007a; Hilton et al., 2010].
[3] The Amazon River is the world’s largest ﬂuvial
system in terms of drainage area and runoff
[Meybeck and Ragu, 1997]. It delivers 550–1500
Mt yr1 of sediment to the Atlantic [Meade et al.,
1979; Richey et al., 1986; Dunne et al., 1998;
Guyot et al., 2005; Martinez et al., 2009] and is
the largest point source of POC to the oceans, at
~15 MtC yr1 [Richey et al., 1990; Beusen et al.,
2005]. The mountain headwaters in the Andes
impart a strong signature on the inorganic chemis-
try of the particulate load [Allegre et al., 1996;
Gaillardet et al., 1997; Bouchez et al., 2011] and
are thought to supply ~80–90% of the Amazon
River’s sediment ﬂux [Gibbs, 1967; Meade et al.,
1985; Richey et al., 1986; Wittmann et al., 2011].
In contrast, the majority of POC carried in the
lowland Amazon River is thought to derive from
ﬂoodplain sources [Mayorga et al., 2005], which
implies substantial replacement or consumption of
Andean POC contributing to outgassing [Richey
et al., 2002].
[4] Andean riverine POC has been sampled in the
upper Ucayali and upper Beni Rivers [Hedges
et al., 2000; Mayorga et al., 2005; Aufdenkampe
et al., 2007; Townsend-Small et al., 2007;
Townsend-Small et al., 2008]; however, large por-
tions of the Andes remain un-sampled (e.g., the
Madre de Dios River draining the Peruvian Andes)
and the composition of Andean POC is poorly
constrained in comparison to other mountain belts
[Galy et al., 2008b; Hilton et al., 2010]. This makes
it difﬁcult to assess the fate of Andean POC during
transport in the Amazon Basin. Rivers draining the
Andes are known to receive signiﬁcant input of
clastic material from sedimentary rocks [Allegre
et al., 1996; Gaillardet et al., 1997; Bouchez
et al., 2011] and it follows that POCfossil should
be an important component of the suspended load
Geochemistry
Geophysics
Geosystems G3 CLARK ET AL.: ANDEAN RIVER PARTICULATE ORGANIC CARBON 10.1002/ggge.20122
1645
[Komada et al., 2004; Leithold et al., 2006; Galy
et al., 2007a; Hilton et al., 2008b; 2010]. A small
number of radiocarbon measurements (n = 4) from
the Beni River conﬁrm this [Bouchez et al., 2010]
and demonstrate that the input of POCfossil and its
elemental and isotopic composition in the Amazon
Basin requires renewed focus.
[5] Here we address these knowledge gaps in head-
waters of the Peruvian Andes. The study focuses on
the highly productive tropical montane cloud forest
of a small mountain catchment draining sedimen-
tary bedrock representative of a wider region
draining to the Ucayali and Madeira Rivers, major
Amazon tributaries (Figures 1a and 1b). To better
constrain the compositional range of Andean
POC, we employed a nested catchment approach
in the Kosñipata River at 2250 meters above sea
level (masl) and 1360 masl and collected suspended
sediments at high temporal frequency (three-
hourly). This strategy was designed to capture ﬂood
events sampling at times when the composition of
POC can vary widely in mountain rivers [e.g., Hil-
ton et al., 2008b; Smith et al., 2013]. To constrain
the sources of POC, we have measured a combina-
tion of element ratios (nitrogen to organic carbon
ratio, N/C), stable isotopes (d13Corg) and the radio-
carbon content of POC (Δ14Corg,%). The approach
permits a detailed investigation of POCfossil input
and its quantiﬁcation in mountain rivers [Kao and
Liu, 2000; Komada et al., 2004; Leithold et al.,
2006; Hilton et al., 2008b; 2010]. Following an
end-member mixing analysis using N/C and
Δ14Corg, the timing of POCnon-fossil and POCfossil
mobilization and the geomorphic processes respon-
sible were assessed in the context of hydrometric
measurements of suspended sediment concentra-
tion (SSC) and river stage height. Finally, the
d13Corg and Δ
14Corg data from this Andean catch-
ment shed new light on previous measurements
of “old” (14C-depleted) POC downstream in the
Amazon Basin [Mayorga et al., 2005].
2. Study Area
[6] The study area is located in the Eastern Cordillera
of the Central Andes (Figure 1a), subject to rock and
surface uplift of 0.2–0.3 mm yr1 due to the subduc-
tion of the Nasca Plate under the South American
Plate [Gregory-Wodzicki, 2000]. Convergence has
built steep topography [Montgomery et al., 2001]
whose juxtaposition with the South American Low
Level Jet, which carries humid winds westward over
the Amazon Basin [Marengo et al., 2004], drives
high annual precipitation on the eastern ﬂank of the
Andes of between 1250 mm to >7000 mm [Killeen
et al., 2007]. The climate and tectonics combine to
drive moderate denudation rates, estimated from
10Be in detrital quartz, of ~0.4mmyr1 in the Central
Andes [Wittmann et al., 2009]. The steep slopes are
prone to bedrock landslides, which contribute impor-
tantly to sediment transfer [Blodgett and Isacks,
2007]. In this part of the Andes, mountain rivers
(a) (b)
Figure 1. (a) Geological Map of study region in Peru [Schenk et al., 1999] with an inset map of the Amazon Basin
with the map area indicated. The stars represent the locations of gauging stations on the Kosñipata River valley
(this study) and locations of published Andean POC data are shown by other symbols. (b) Kosñipata River valley,
Peru with elevation (SRTM) and locations of hydrometric and sampling gauging stations.
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drain large areas of sedimentary and meta-
sedimentary melanges which run parallel to the range
(Figure 1a), known to contain POCfossil [Bouchez
et al., 2010].
[7] Here we focus on the Kosñipata River in the
Andes at two sites, the San Pedro catchment
(1360 masl, 160 km2) and the Wayqecha sub-
basin (2250 masl, 50 km2) (Figure 1b), whose
bedrock geology is representative of a large
Andean region (Figure 1a) and has not been exten-
sively sampled by previous work [Hedges et al.,
2000; Mayorga et al., 2005; Aufdenkampe et al.,
2007; Townsend-Small et al., 2008]. The basins
are dominantly underlain by Paleozoic (~450 Ma)
meta-sedimentary mudstones (~80%), with plu-
tonic intrusions contributing ~20% of the total San
Pedro basin (Table 1) [Carlotto et al., 1996]. Their
geomorphic characteristics are typical of mountain
river catchments, with the mean slope, derived from
Shuttle Radar Topography Mission (SRTM)
(90 90 m), of 28 in the San Pedro catchment
and 26 in the Wayqecha sub-basin.
[8] The wet climate sustains productive tropical
montane cloud forest on the steep hillslopes of the
San Pedro catchment [Malhi et al., 2010], located
in Manu National Park where logging is prohibited.
The forest contains signiﬁcant stores of POCnon-fossil
in biomass and soil, with total carbon stocks ranging
from 114 to 151 MgC ha1 [Girardin et al., 2010],
similar to those estimated for tropical forests world-
wide [Dixon et al., 1994] and representative of a
wider geographical area in the Andean mountains
[Malhi et al., 2010]. Total carbon stocks do not vary
greatly with elevation, with reduced standing bio-
mass at high elevation offset by increased soil carbon
stocks [Gibbon et al., 2010; Girardin et al., 2010;
Zimmermann et al., 2010].
3. Materials and Methods
3.1. Sample Collection and
Hydrometric Measurements
[9] At the San Pedro and Wayqecha catchment out-
lets, suspended sediment samples were collected in
the 2010 wet season. Samples were collected at
high temporal resolution (three-hourly) at both sites
continuously over 2 weeks which featured several
ﬂood events. We targeted ﬂood events because:(i)
the composition of POC can vary widely on short
time scales [e.g., Hilton et al., 2008b; Smith et al.,
2013], allowing us to better constrain the composi-
tion range of Andean POC; and (ii) to ensure our
samples were collected at times when water, sedi-
ment, and POC transfer are thought to be volumet-
rically important in mountain rivers [Hilton et al.,
2008b; Kao and Milliman, 2008]. At both sample
sites, large-scale bed roughness should lead to high
turbulence and mixing in the channel, meaning our
samples are likely to be representative of the
suspended load [Lupker et al., 2011]. Collections
were made from the surface of the turbulent ﬂow
in plastic 250–500 mL Nalgene™ bottles pre-
rinsed with ﬁltered river water, using a sampling
pole to reach the middle of the channel. A known
volume of river water was ﬁltered through 0.7 mm
glass ﬁber ﬁlters (Whatman GF/F, 47 mm) to re-
cover suspended sediment. Filters were dried at
~40C within 1 day and stored in sterile petri
dishes.
[10] To provide constraint on the elemental and iso-
topic composition of POCfossil, river bed materials
were collected at low ﬂow, during the dry season
in July 2009 and again at high ﬂow during the
2010 wet season [e.g., Galy et al., 2007a, 2008b;
Hilton et al., 2010]. Approximately 500 g of sand
and ﬁner material were collected from active chan-
nel deposits. All riverbed material (n = 7) was dried
<60C within 1 week of collection and stored in
sterile sample bags until analysis.
[11] To provide hydrodynamic context to the sam-
ples, hydrometric gauging stations were installed
to monitor river stage height (m) at the San Pedro
and Wayqecha catchment outlets (Figure 1b). At
the San Pedro gauge, depth was measured 1.5 m
from the river bank (total width 17 m), by a logger
(WL16 Data Logger, Global Water Instrumenta-
tion, Inc), every 5 min. At the Wayqecha gauge,
depth was measured with a rule from the same spot
~1 m from the river bank (total width 10 m) at
discrete intervals upon river sample collection.
Table 1. Catchment Descriptions
Gauge
Station Acronym
Latitude
(S)
Longitude
(W)
Area
(km2)
Mean
Basin
Elevation
(masl)
Minimum
Basin
Elevation
(masl)
Maximum
Basin
Elevation
(masl)
Meta-
sedimentary
(%)
Granite/
High Grade
Maﬁc (%)
Mean
Slope
()
San Pedro SP 13302700 713204000 161 2810 1360 4000 79 21 26
Wayqecha WQ 13904600 713502100 50 3180 2250 3910 100 0 28
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3.2. Geochemical Analyses
[12] Suspended sediment samples collected on the
rising limb, storm peak, and falling limb of two
storms were selected (n = 52) for analysis from
the San Pedro and Wayqecha gauging stations
(Figure 2). River suspended sediments were rinsed
from the glass ﬁlter membrane using deionized wa-
ter in glass beakers and the samples dried at 40C.
Pre-combusted quartz powder (with no measurable
POC) was subjected to the same procedure to quan-
tify procedural blanks. The sediment mass (mg) and
known ﬁltered volume (L) was used to calculate the
suspended sediment concentration (SSC, mg L1).
One large suspended sediment sample from the San
Pedro outlet (04 February 2010 at 0 h) was wet sieved
into clay and silt (<63 mm), sand (63–500 mm),
and coarse sand (>500 mm) fractions. All riverbed
materials (n = 7) were sieved to the 63–250 mm size
fractions to collect a sample of lithological sources
[e.g.,Galy et al., 2008b; Bouchez et al., 2010;Hilton
et al., 2010]. All samples were homogenized using a
mortar and pestle. Inorganic carbon was removed
using a 5 M HCl leach for 4 h at 75C to remove
all detrital carbonates (including dolomite) [Galy
et al., 2007a; Hilton et al., 2008a; 2010], thus the
following analyses refer to acid-insoluble POC. The
HCl leach method has been shown to be the most
robust way to return reliable organic carbon to
nitrogen ratios in similar materials to those analyzed
here [Brodie et al., 2011]. Following deionized water
rinses, samples were dried at 75C and decanted to
clean glass vials.
[13] An aliquot of each sediment sample was ana-
lyzed to determine their weight percent organic car-
bon (Corg, %) and nitrogen (N, %) using a Costech
CHN elemental analyser (EA) by normalizing to an
average of standards and corrected for an internal
blank and procedural blank [Hilton et al., 2010;
Gröcke et al., 2011]. Stable isotopes of POC
(d13Corg, %) were determined by continuous ﬂow
from the EA coupled via CONFLO-III to a
Thermo-Delta-V isotope ratio mass spectrometer
in the Stable Isotope Biogeochemistry Laboratory,
University of Durham. Values were normalized
based on measured values of IAEA and laboratory
standards, corrected for any internal blank and proce-
dural blank and reported in d13C notation relative to
VPDB. The precision (2s) and accuracy of d13Corg
were determined using standards measured under
the same analytical conditions and were 0.1%
[Gröcke et al., 2011]. Replicates of suspended sedi-
ment of similar sediment matrix (n = 42) returned
an average 2s of 0.2% and we take this as the
average precision of the analyses.
[14] A set of suspended sediment samples (n = 21)
were prepared to graphite at the NERC Radiocarbon
Facility, following inorganic carbon removal by
acidiﬁcation described previously, quantitative re-
covery of carbon in sealed quartz tubes followed by
cryogenic separation of CO2 [Boutton et al., 1983].
Between 1 and 2 mg C was combusted for each sam-
ple, and standard and CO2 was converted to an iron/
graphite mix by iron/zinc reduction [Slota et al.,
1987] for 14Cmeasurement by AMS in the +1 charge
state at 245 keV. The 14C enrichment of POC in each
sample was calculated as Δ14Corg as the relative
difference between absolute international standard
(relative to the year of measurement, 2011) and sam-
ple activity corrected for age and corrected to –25%
d 13C VPDB based on measured d
13Corg [Stuiver and
Polach, 1977]. The fraction modern (Fmod) is also
reported where Fmod= (Δ
14Corg + 1000)/992.648
based on the correction factor for measurement in
(a)
(b)
Figure 2. River stage height (grey line, m) over the
study period for (a) San Pedro (161 km2 watershed area),
and (b) Wayqecha (50 km2 watershed area) gauging sta-
tions (Figure 1b). Samples for geochemical analysis
shown as circles with suspended sediment concentration
(SSC, mg L1), where dark ﬁll indicates the sample was
also analyzed for 14C content.
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2011. Overall average analytical precision at 2s was
Δ14C= 3.20 0.55%. Process standards (96H
humin) and background materials (bituminous coal)
were taken through all stages of sample preparation
and 14C analysis and were within 2s uncertainty of
expected values. The procedural quartz powder
blank for the ﬁltration stage contributed 2 104
mgC, which is 0.01% of the CO2 used for each
14C
analysis, meaning that contamination from GF/F
ﬁlters was negligible within the uncertainty on the
analysis. The inorganic carbon removal procedure
did not alter the Corg, d
13C or Δ14Corg of standards
subject to the procedure [Hilton et al., 2008b].
4. Results
4.1. Suspended Load and River Stage Height
[15] At the San Pedro gauging station, the mean
suspended sediment concentration (SSC, mg L1)
ranged from 147 mg L1 to 7594 mg L1, with a
mean SSC= 835 476 mg L1 (n = 31, 2 times
standard error on the mean, given throughout the
manuscript unless otherwise stated; Figure 2a). At
the Wayqecha gauging station, the mean SSC was
441 330 mg L1 (n = 21) and ranged from 20
mg L1 to 2869 mg L1 (Figure 2b). SSC was
generally positively correlated with stage height, a
surrogate for water discharge, in both catchments.
The range of SSC values and this correlation
were similar to other mountain rivers worldwide
[Milliman and Syvitski, 1992]. Townsend-Small
et al. [2008] captured storm events with SSC
1800 mg L1 at Chorobama River at Oxapampa,
Peru, and thus, the new data set represents the
highest turbidity samples analyzed for POC from
Andean headwaters.
[16] Over the study period, stage height at the San
Pedro gauge (Figure 2a) ranged from 0.63 m to
1.18 m, with a mean of 0.80 0.003 m
(n = 4405). At the Wayqecha gauge (Figure 2b),
stage height ranged from 0.19 to 0.38 m, with a
mean of 0.25 0.01 m (n = 111). These values
can be compared to measurements taken over an
entire year at San Pedro (from November 2009 to
January 2011) to examine the relative magnitude
of events captured during the sampling campaign.
The annual mean stage height at San Pedro was
0.50 0.003 m (n = 36,117), with a range from
0.08 m to 2.71 m. Exceedance probability was
determined from the mean river height for the San
Pedro station at 6h intervals (n = 761) over the year
record. Samples for POC were collected over a
large range of ﬂows (Figure 3a) and include two
large events with an exceedance probability of
5.1% and 2.2%. The sampling period here
(Figure 2a) therefore captured times of high turbid-
ity (Figure 3b) and high stage height (Figure 3a)
which reﬂect periods when most of the suspended
load mass transfer is likely to occur in mountain
catchments [Hilton et al., 2008b; Kao and
Milliman, 2008]. While our samples cover a repre-
sentative range of ﬂow conditions (Figure 3), in
the absence of water discharge, we have not aver-
aged geochemical measurements by ﬂux. Instead,
we focus on discussions of the range in composi-
tional variability as a means to better characterize
Andean POC.
4.2. Elemental Geochemistry
[17] The mean Corg of suspended load samples from
the Kosñipata Valley over the sampling period was
0.92 0.24% (n = 54), with a slightly higher mean
at San Pedro (0.96 0.39%, n = 33) than Wayqecha
(0.86 0.10%, n = 21) (see Table S1, supporting
information).1 The Corg values were at the lower
end of the range reported from other Andean-
sourced catchments [Aufdenkampe et al., 2007;
Townsend-Small et al., 2008] but slightly higher
than measured POC in the Beni River of between
0.47% and 0.61% [Bouchez et al., 2010]. Riverbed
materials had a lower mean Corg = 0.36 0.03%
(n = 7), which was similar to the POCfossil content
of Andean rocks of 0.3 0.1% inferred from
measurements on the Beni River [Bouchez et al.,
2010], thus consistent with a dominant origin
of the river bed material from POCfossil [Hilton
et al., 2010].
[18] Corg displayed a positive relationship with N
(Corg = 6.5 0.8N – 0.15 0.12, n = 51, r2= 0.6,
P< 0.0001), and the negative intercept within error
of zero suggests the majority of N in the samples is
associated with POC, meaning the nitrogen to or-
ganic carbon ratio (N/C) can record organic matter
source [e.g., Goni et al., 2008; Hilton et al., 2010].
The mean N/C of the suspended load samples was
0.18 0.01 (n= 54) and ranged from 0.03 to 0.25,
with the same mean at San Pedro (0.18 0.02,
n = 33) as at Wayqecha (0.17 0.01, n = 21). These
values were lower than the mean of river bed mate-
rials, N/C= 0.29 0.03 (n = 7), but higher than N/C
measured in soil (OH and A layers) and vegetation
in the valley, with N/C values of 0.06 0.01 (n= 4)
1All supporting information may be found in the online version
of this article.
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and 0.05 0.01 (n = 66), respectively [Zimmermann
et al., 2009; Rao, 2011].
4.3. Isotope Geochemistry
[19] The mean d13Corg of suspended POC in the
Kosñipata River was 25.7 0.4% (n = 54) and
ranged ~9% from 20.9% to 30.3%. Mean
d13Corg values were similar at San Pedro and
Wayqecha, of 25.6 0.5% and 25.8 0.5%,
respectively. The d13Corg values were consistent with
riverine POC measured elsewhere in the Andes
[Hedges et al., 2000; Mayorga et al., 2005;
Townsend-Small et al., 2005; Aufdenkampe et al.,
2007; Townsend-Small et al., 2008], but were mostly
higher than those expected of C3 vegetation inmoun-
tain forests [Körner et al., 1988]. Published values
from tropical montane cloud forests in the Andes
have C3 vegetation with d13Corg between 31.1%
and 28.2%, [Hietz et al., 2002; Townsend-Small
et al., 2005], consistent with measurements from
the Kosñipata Valley [Rao, 2011]. Soil proﬁles in
the valley had higher d13Corg values compared to
C3 vegetation but were still lower than the majority
of riverine POC, with the OH layer with a mean of
28.1 2.0% (n = 2) and A layers with a mean of
26.5 1.4% (n = 2) [Zimmermann et al., 2009].
In contrast, the riverbed materials had a higher
d13Corg than the suspended load, surface vegetation,
and soil, with a mean 23.2 0.2% (n = 7), similar
to that measured in meta-sedimentary bedrocks else-
where [Galy et al., 2008b; Hilton et al., 2010].
[20] The mean Δ14Corg of the selected samples was
400 90% (n=21) and ranged from 712% to
15% over the sampling period (Table S1). Themean
Δ14Corg at San Pedro was lower (447 136%,
n = 13) than at Wayqecha (324 63%, n = 8).
These values were generally lower than those mea-
sured at low SSC from other Andean catchments
[Mayorga et al., 2005; Aufdenkampe et al., 2007;
Townsend-Small et al., 2007] but consistent with
the range reported in the Beni River at Rurrenabaque
during high ﬂow, from449% to590% [Bouchez
et al., 2010]. The low Δ14Corg values of POC mirror
those from mountain rivers elsewhere which erode
radiocarbon-dead (Δ14Corg =1000%) POCfossil
from sedimentary bedrock [Kao and Liu, 1996;
Komada et al., 2004; Leithold et al., 2006; Hilton
et al., 2008b].
4.4. Evidence for Mixing of POC Sources
[21] The d13Corg values of the suspended load were
positively correlated with the N/C ratio (r2= 0.73,
P< 0.0001, n = 54; Figure 4a). A linear relationship
between the stable carbon isotopic composition and
the inverse of Corg concentration can be produced
by biogeochemical processing which fractionates
d13Corg while Corg varies, or it can result from a bi-
nary mixture of two end-members with distinct
compositions. The latter is common in river sys-
tems with rapid throughput of particulate materials
[e.g., Hilton et al., 2008a;, 2010], and the former
mainly observed within soil proﬁles [e.g., Baisden
et al., 2002; Zimmermann et al., 2009]. The linear
(a)
(b)
Figure 3. Exceedance probability (%) for hydrometric
measurements from the Kosñipata River. (a) Mean river
height (6 h) over the longer-term study period as light grey
dashes, with suspended sediment samples from the year-
long study as dark grey dashes, and with suspended
sediment samples from this study as black circles. (b)
Suspended sediment concentration (mg L1) of samples
collected over the year-long study as grey dashes and sam-
ples from this study as black circles.
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trend intercepted the measured d13Corg and N/C
values of river bedmaterials, and trended toward those
of C3 vegetation and soils at low N/C (Figure 4a),
suggesting that a mixing process is setting the com-
positional range of the variables.
[22] These trends were mirrored by a negative correla-
tion between d13Corg and Δ
14Corg in the suspended
load (r2=0.67, P< 0.0001, n=21; Figure 4b). A
linear correlation between isotopic measurements
of the same element can be indicative of mixing,
and the trend (d13Corg =0.006 0.001Δ14Corg
28.5 0.4) intercepts the measured d13Corg of river-
bed materials at Δ14Corg =1000% and the d13Corg
values of plant and soils in the valley at high Δ14Corg.
Both correlations (Figure 4) suggest that mixing
between POCfossil (represented by riverbed materials)
and POCnon-fossil sources plays the dominant role in
controlling the N/C, d13Corg and Δ
14Corg values of
the suspended load, analogous to the binary mixing
of POC sources observed in small mountain rivers
draining sedimentary bedrock throughout the world
[Kao and Liu, 2000; Komada et al., 2004; Leithold
et al., 2006; Hilton et al., 2008b; 2010].
5. Discussion
5.1. Source of Andean POC
[23] Constraining the source of POC carried by rivers
is fundamental to understanding how the erosion,
transfer, processing, and/or deposition of POC im-
pacts the carbon cycle and how these carbon transfers
might be moderated by changing climate. The
erosion and transfer of POCnon-fossil represent an
export of primary productivity [Hilton et al., 2008b;
2012], which if escapes oxidation during transport
[Mayorga et al., 2005; Cole et al., 2007; Tranvik
et al., 2009] and is buried in long-term sedimentary
deposits would result in a sink of atmospheric CO2
[Galy et al., 2007a]. In contrast, erosion in mountain
belts underlain by sedimentary bedrock can mobilize
POCfossil [Blair et al., 2003; Hilton et al., 2011a;
Graz et al., 2012]. POCfossil input can play an impor-
tant role in setting the elemental and isotopic compo-
sition of riverine POC [Komada et al., 2004; Hilton
et al., 2010], while its oxidation counters the CO2
drawdown caused by POCnon-fossil burial [Copard
et al., 2007; Bouchez et al., 2010; Hilton et al.,
2011a]. Here we examine the composition of POC
in this Andean river to better constrain the input of
these components.
[24] Various approaches have been used to quantify
the POCfossil contribution to river suspended load.
Radiocarbon presents an ideal tracer if there is or-
ganic carbon input from relatively young sources
(e.g.,Δ14Corg>100%) and aged soils are not prev-
alent [Gomez et al., 2010], which is often the case in
mountain catchments [Hilton et al., 2008b]. Due to
the 5730 year half-life of 14C [Godwin, 1962], one
can assume that the carbon derived from bedrock,
termed POCfossil, is indistinguishable from back-
ground (i.e., radiocarbon dead) [Galy et al., 2007b;
(a) (b)
Figure 4. Elemental and isotopic composition of POC in suspended load (circles) from the Kosñipata River. Samples
collected from San Pedro as black circles and from Wayqecha as grey circles, with analytical uncertainties smaller than
the point size. (a) The stable isotopes of POC (d13Corg ,%) versus the nitrogen to organic ratio (N/C), (b) d
13C org (%)
versus the radiocarbon content (Δ14C org ,%). For display, river materials plotted at the radiocarbon depleted end member
(Δ14C org =1000% see main text for discussion). Boxes show ranges from published sources [Zimmermann et al., 2009;
Rao, 2011], where OH and A are soil horizons.
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Hilton et al., 2008b] and with knowledge of the
Δ14Corg content of soils and vegetation, the fraction
of POCfossil (Ff) and assuming that these are the pre-
dominant two carbon sources can be determined
following two component mixing theory:
Δ14Cx ¼ Fnf  Δ14Cnf þ Ff  Δ14Cf (1)
where Δ14Cx is the Δ
14Corg of the measured POC
sample, Δ14Cnf and Δ
14Cf are the Δ
14Corg values
of the POCnon-fossil end-member and POCfossil
end-member, respectively. The mass fraction of
POCnon-fossil and POCfossil to the total POC content
are Fnf and Ff, respectively. Thus, by deﬁnition,
Fnf +Ff= 1 for a binary mixture, and so
Ff ¼ Δ
14Cx  Δ14Cnf
Δ14Cf  Δ14Cnf
(2)
[25] To constrain the Δ14Cnf (equation (2)) eroded
from the catchment, we can apply the technique of
Galy et al. [2008a] assuming the rivers carry a
well-mixed sample of POC sources (Figure 4) and
plotting Corg versus the Corg multiplied by the frac-
tion modern (Fmod) from radiocarbon (Figure 5).
This approach is analogous to the “standard addition”
method, if we start with a sample with only POCfossil
(i.e., CorgFmod = 0) adding POCnon-fossil in incre-
ments, this will increase Corg and Fmod. If the system
is mixed, the intercept of the linear trend informs us
of the average Corg of POCfossil [Galy et al., 2008a;
Bouchez et al., 2010], while the gradient reﬂects the
average Fmod of POCnon-fossil, i.e., average age of car-
bon sources from recently photosynthesized material
[Galy and Eglinton, 2011]. For the samples from the
ﬁrst storm in the Kosñipata River (n= 16; Figure 2),
the linear trend (Figure 5) suggests an average
POCfossil content of 0.37 0.03%, consistent with
the measured Corg from river bed materials (mean
Corg = 0.36 0.03%) thought to be dominated by
POCfossil. The average Fmod of the eroded biosphere
of 1.056 0.015 is consistent with extrapolated at-
mospheric 14C values around the time of sampling
[Hua and Barbetti, 2004] and measurements from
Andean soils [Townsend-Small et al., 2007]. The
data suggest a young age of POCnon-fossil, which is
to be expected given the high rates of physical
erosion and surface turnover in mountain catchments
[Hilton et al., 2012].
[26] To determine the Ff (and Fnf) for each sample
with 14C analyses, we set Δ14Cf=1000% (radio-
carbon dead) and Δ14Cnf to the linear gradient of
the “standard addition” method (Figure 5) of Fmod =
1.056 0.015, equivalent to Δ14Corg = 48 15%.
The propagated uncertainty of the end members
suggests Ff (and Fnf) can be quantiﬁed to within
0.02 on average using Δ14Corg. The linear trend
between N/C and d13Corg (Figure 4) suggests these
variables can also be used to quantify Fnf in the
absence of Δ14Corg. This is beneﬁcial, since it
extends the assessment to the larger sample set
[e.g.,Hilton et al., 2010]. Here we use the N/C, since
the N/C of POCnon-fossil sources appears relatively
constant in comparison to d13Corg (Figure 4a)
[Zimmermann et al., 2009; Rao, 2011]. Using the
measured N/C of riverbed materials as the POCfossil
composition (N/C= 0.29 0.03) and the published
N/C of vegetation and soil (N/C= 0.05 0.02)
[Zimmermann et al., 2009; Rao, 2011], we adapt
equation (2) to quantify Fnf using N/C (Fnf-N/C). The
absolute uncertainty on Fnf-N/C based on the end-
member values ranges from 0.08 to 0.14, with an av-
erage of 0.1, which is 6–10 times lower than the range
of Fnf values. A plot of Fnf fromΔ
14Corg versus Fnf-N/C
has a signiﬁcant linear relationship (P< 0.0001) with
a gradient of 1.0 0.1 and intercept within error of
zero (0.05 0.09). Therefore, Fnf-N/C provides a
robust quantiﬁcation of POCfossil input.
[27] The results of this mixing analysis demonstrate
the signiﬁcant input of POCfossil to the river load
of these catchments, with an average Fnf of
0.49 0.05 (n = 54), ranging between 0.17 0.05
and 0.94 0.09. These values indicate that up to
~80% of the POC carried by this river throughout
this period was derived from sedimentary bedrock,
Figure 5. Organic carbon concentration (Corg %) versus
modern Corg % (Corg%Fraction Modern, Fmod) for San
Pedro and Wayqecha River POC samples for a single
hydrological event. Linear ﬁt is the solid line and 95%
conﬁdence intervals as dashed lines, (r2 = 0.99, P
0.0001, n = 16).
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with a range between 6% and 80%. Even when Ff is
low, POCfossil contributes the same fraction of mass
to the suspended sediment, demonstrated by the
constant weight % of POCfossil (0.37 0.03%)
observed in the suspended load (Figure 5). These
values of Fnf are within the range measured in small
mountain rivers elsewhere [Kao and Liu, 2000;
Komada et al., 2004; Hilton et al., 2008b; Hilton
et al., 2010]. However, they are the ﬁrst which sug-
gest that POCfossil input to Andean headwaters is
quantitatively important across a range of hydro-
metric conditions important for sediment export
(Figure 3). Given the prevalence of sedimentary
bedrocks in Andean catchments of this region
(Figure 1), it is likely that POCfossil input is more
widespread and may impact the composition of
POC in the lowland Amazon Basin (see section 5.3).
5.2. Hydrologic and Geomorphic controls
on POC source
[28] In the study of POC transfer in mountain rivers
it has been challenging to constrain both the source
of POC and the hydrological conditions under
which POC is transported, with one or the other
not measured [e.g., Lyons et al., 2002; Leithold
et al., 2006; Hilton et al., 2008a]. Only with this
combination can the processes by which POC is
mobilized be better constrained [Kao and Liu,
2000; Hatten et al., 2012; Hilton et al., 2012],
allowing us assess how and why POC delivery
varies in space and time. Here we beneﬁt from
high frequency sampling of river loads during the
rising limb, peak, and falling limb of ﬂood events
(Figure 2) and geochemical quantiﬁcation of
POCfossil and POCnon-fossil inputs (Figure 4). This
allows the hydrological and geomorphic controls
on POC transfer to be assessed.
[29] The available data suggest that the source of
POC is variable over the course of ﬂood events in
both catchments (Figure 6). The highest values of
Fnf generally occur at the ﬂood peak (Figure 6a),
in accordance with ﬁndings from mountain rivers
in Taiwan [Hilton et al., 2008b; 2012]. Additional
constraint comes from examining different hydro-
logical regimes, afforded by the high temporal res-
olution of our sampling method (Figures 2 and 3).
During rising river stage, Fnf is generally higher
than during the falling stage (Figure 6b). This ob-
servation is consistent with the erosion processes
known to operate in mountain catchments. In these
turbid rivers, aquatic productivity is minimal and is
not a dominant source of POC (Figure 4a). There-
fore POCnon-fossil must be mostly supplied from
the steep forested hillslopes which are tightly
coupled to incising river channels [Fuller et al.,
2003]. Erosion by overland ﬂow [Gomi et al.,
2008] and in the absence of soil saturation fast
(a) (b)
Figure 6. (a) The fraction non-fossil POC (Fnf) during ﬂood events plotted as circles, with river stage height (m) shown
as grey line. The ﬁrst storm sampled over the study period is shown for San Pedro and other sampled events (Figure 2)
show a similar pattern. (b) Fnf versus rate of change of river height over the 6 h preceding sample collection, with samples
from San Pedro as black circles and Wayqecha as grey circles. Positive rate of change indicates the rising limb of ﬂood
hydrographs and negative rate of change shows the falling limb. In all parts, whiskers show errors on Fnf values.
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lateral ﬂow through soil horizons can mobilize
POCnon-fossil from soil and plant debris [Crespo
et al., 2011].
[30] Another source of POCnon-fossil during heavy
rainfall is from mass wasting processes which supply
soil and coarse woody debris [Hilton et al., 2011b;
West et al., 2011] along with clastic sediment and
POCfossil to the river [Hovius et al., 2000; Hilton
et al., 2011a]. Mechanical attrition of this coarse
woody debris can add POCnon-fossil [cf. Attal and
Lavé, 2009]. Both processes act to increase the sup-
ply of POCnon-fossil during heavy rainfall and thus
the rising limb and peak of ﬂood events (Figure 6)
[Hilton et al., 2012].
[31] To corroborate the inferred erosion processes
responsible for POCnon-fossil delivery to the river
channel, the origin of POCnon-fossil can be assessed
using the d13Corg which varies between standing
biomass and partially degraded soil organic matter
in the valley [Zimmermann et al., 2009; Rao,
2011]. If we project the suspended load composi-
tions at low N/C and high Δ14Corg (i.e., the
POCnon-fossil end-member) we ﬁnd that most of
the samples suggest supply from the upper soil
(OH) with d
13Corg approximately 26% to
28% (Figure 4). We also ﬁnd that plant debris
can be important at the peak of ﬂoods, with the sec-
ond storm having d13Corg values less than 29.5%
at low N/C and high Δ14Corg (Figure 4). These
observations conﬁrm the dual role of overland
ﬂow and mass wasting processes in supplying
POCnon-fossil to mountain rivers.
[32] The hydrological controls on POC source are
superimposed upon a difference in the proportion of
POCnon-fossil and POCfossil between the San Pedro
and Wayqecha catchments (Figure 4). During the
ﬁrst sampled storm (Figure 2), mean Fnf was
0.49 0.05 (n = 21) at San Pedro and ranged from
0.17 to 0.55. In the Wayqecha sub-catchment, Fnf
was higher (mean= 0.54 0.05, n = 21), with
higher values at the extremes of the range from
0.36 to 0.77. These differences cannot be explained
by an increased relative contribution of POCnon-fossil
at Wayqecha, because the carbon stock in standing
biomass and soil is approximately constant with
elevation in this forest [Zimmermann et al., 2009;
Girardin et al., 2010]. Instead, they are likely to
reﬂect an increased relative contribution from
POCfossil at San Pedro. POCfossil can be supplied to
river channels by bedrock landslides [Hilton et al.,
2011b], debris ﬂows and gully erosion [Leithold
et al., 2006]. In the San Pedro catchment, the mean
slope is higher than the upstream area at Wayqecha.
Due to the important control on mass wasting
processes by slope angle [Dietrich et al., 2003;
Clarke and Burbank, 2010], one would expect a
higher frequency of mass wasting events which can
supply POCfossil to channels across the San Pedro
catchment area. This is consistent with the higher
measured SSC in San Pedro (mean 835 mg L1)
compared toWayqecha (mean 441 mg L1), demon-
strating enhanced input of clastic material which con-
tains POCfossil in this catchment.
5.3. Implications for Supply of Andean
POC to the Amazon River
[33] In the major tributaries of the Amazon Basin,
radiocarbon-depleted POC has been observed dur-
ing high ﬂow and at high SSC [Aufdenkampe
et al., 2007], with a number of Δ14Corg values less
than 300% [Mayorga et al., 2005; Bouchez
et al., 2010]. This old POC is not present in samples
collected from lowland rivers with no direct
Andean inputs, whose Δ14Corg values are generally
>0% [Hedges et al., 1986b; Mayorga et al., 2005],
leading to the hypothesis that the signature is derived
from the Andes. However, while published measure-
ments of Andean POC from the upper Beni River
and upper Ucayali River show some radiocarbon
depletion [Mayorga et al., 2005; Townsend-Small
et al., 2007], the majority have Δ14Corg values greater
than 200% and have much higher d13Corg values
than observed in the lowland rivers. Therefore, the
reasons behind the observed 14C depletion in the
Amazon Basin remain uncertain. It may derive from
an aging of POC [Mayorga et al., 2005], implying
that old soil POC exists in the tributaries sourced
from the Andes, or from the input of POCfossil eroded
from sedimentary rocks [e.g., Galy et al., 2008a;
Hilton et al., 2010]. These scenarios cannot be
assessed without improved constraint on the isotopic
composition of Andean POC.
[34] Existing Andean POC measurements are from
samples collected toward the end of the dry season
when river discharge and SSC were low. Low water
stage samples may reﬂect compositions not preva-
lent during high runoff and SSC [Hilton et al.,
2008b; Hatten et al., 2012], such as those
inﬂuenced by aquatic productivity [Townsend-
Small et al., 2007]. In addition, some of the sam-
pled Andean POC comes from glacial catchments
above the tree line draining plutonic bedrocks
(Figure 1a) [Mayorga et al., 2005] which are not
representative of the humid slopes of much of the
Andes where tropical forest thrives [Gentry and
Ortiz, 1993; Still et al., 1999; Malhi et al., 2010]
and sedimentary bedrock is widespread (Figure 1a).
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The new constraint on Andean POC composition
from the Kosñipata River, whose underlying
bedrock geology and productive forest are repre-
sentative of a larger area (Figure 1a), allows us to
re-examine the existing measurements of Δ14Corg
and d13Corg from the Amazon basin (Figure 4).
[35] When the published POC data from Andean-
fed tributaries of the lowland Amazon River are
examined alongside the new Δ14Corg and d
13Corg
measurements from the Andes, the vast majority
describe a general linear trend which intersects the
d13Corg of Andean river bedmaterials (23.2 0.2%)
at low Δ14Corg, and soil and vegetation values at high
Δ14Corg (Figure 7). In stark contrast, lowland rivers
with no Andean river inputs (presumed to
source POC from the ﬂoodplain) have a much
higher Δ14Corg and a larger range in d
13Corg. We
therefore propose that the observed old POC in the
lowland Amazon Basin is derived from mixing
of radiocarbon-dead POCfossil from the Andes
(similar to the Kosñipata River) with young
POCnon-fossil (Figure 7). Given that sedimentary
rocks are prevalent in the Peruvian Andes draining
to the Amazon, consisting of ~70% of the total area
(Figure 1a), the ﬁndings are consistent with other
large basins fed by tectonically active mountain
belts where POCfossil is not completely oxidized
[Galy et al., 2007b; 2008a]. The explanation for the
paired evolution of d13Corg and Δ
14Corg values in
the lowland Amazon challenges an interpretation
that the vast majority of Andean POC is mineralized
within a short distance from the Andes during trans-
port [Mayorga et al., 2005]. Instead, the mixing hy-
pothesis described here (Figure 7) suggests that
POCfossil may contribute between ~10% and ~50%
of the POC carried in lowland rivers of the Amazon
Basin (based on Δ14Corg), but has not previously
been considered as quantitatively important. In addi-
tion, the new data show that Andean POCnon-fossil
eroded from tropical montane cloud forests can have
similar isotopic composition as lowland forests, with
a very low d13Corg (approximately 30%) and high
Δ14Corg (Figure 7). In light of the new data, the com-
positional range of the published POC data suggests
less loss of Andean POCnon-fossil than is commonly
asserted [Mayorga et al., 2005]. Our data thus pro-
vide impetus to further investigate the role of Andean
POC in the Amazon River. Here we have focused on
characterization of POC source in turbid waters of
small mountain catchments in the Kosñipata River.
However, it would be beneﬁcial to obtain further
measurements from catchments draining POCfossil
[e.g., Bouchez et al., 2010] to ascertain whether
the isotopic and elemental compositions measured
here are fully representative. While outside the
scope of the current study, quantiﬁcation of the ﬂuxes
of POCnon-fossil and POCfossil (in t km
2 yr1)
exported from Andean catchments [e.g., Hilton
et al., 2011a, 2012] would also help re-assess the
net contribution of POC from the mountainous head-
waters (e.g., Figure 7).
6. Conclusions
[36] We measured the elemental (N/C) and stable
carbon isotopic composition (d13Corg) and radio-
carbon content (Δ14Corg) of POC in an Andean
mountain river draining sedimentary bedrock repre-
sentative of a larger region. The data from turbid
ﬂood events (SSC up to 7,600 mg L1) provide
new insight on the composition and source of Andean
POC at times when the majority of particulate
materials are exported. N/C, d13Corg and Δ
14Corg
Figure 7. Stable isotopic composition (d13Corg, %)
and radiocarbon content (Δ14Corg, %) of POC for pub-
lished data and those collected in this study. Andean
headwater samples from high altitude sites collected at
low turbidity from Mayorga et al. [2005] are shown as
squares and from Townsend-Small et al. [2007] are
shown as squares with crosses. All other samples were
collected during the wet season, with Andean samples
from the Kosñipata River in this study (black circles),
Andean-sourced Amazon River samples (dark grey
triangles), Amazon River tributaries with no Andean
source (light grey triangles), with samples re-classiﬁed
from Mayorga et al. [2005] based on their upstream
contributing area.
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distinguish between very young (Δ14Corg ~50%)
POCnon-fossil from the terrestrial biosphere from
radiocarbon-dead POCfossil from sedimentary bed-
rock. Using an end-member mixing model, we quan-
tify the proportion of these POC sources and we ﬁnd
a signiﬁcant presence of POCfossil in Andean river
POC, contributing a constant 0.37% to the solid
suspended load mass and up to 80% of the total
POC. By examining POC source during rising, peak
and falling stages of ﬂoods we show that an enrich-
ment of POCnon-fossil occurs during rainfall events,
when erosion processes supply POCnon-fossil to the
mountain river. Finally, the new data suggest that
input of Andean POCfossil can explain the presence
of old POC (14C-depleted) reported in the suspended
load of the lower Amazon Basin, implying a greater
persistence of Andean POC during ﬂuvial transport
than previously recognized.
Acknowledgments
[37] Funding for radiocarbon analyses was awarded by the
National Environmental Research Council (NERC) on alloca-
tion 1516.0910. KEC was funded by the Natural Sciences
and Engineering Research Council of Canada (NSERC) and
Clarendon Fund PhD scholarships. This paper is a product of
the Andes Biodiversity and Ecosystems Research Group
(ABERG). We thank ACCA Peru (Wayqecha) and Incaterra
(San Pedro) for ﬁeld support; J.A. Gibaja Lopez, J. Huamán
Ovalle, R.J. Abarca Martínez, I. Cuba Torres, A. Alfaro-Tapia,
D. Oviedo Licona, and J. Farfan Flores for ﬁeld assistance;
J. Peterkin and F. Davies for laboratory and analytical support;
Y. Rao for some plant and soil data; A. Galy, R. Aalto, S. Dadson
and J. Bouchez for discussion and comments prior to sub-
mission and L. Derry, M. Evans, and an anonymous referee
for their constructive comments which signiﬁcantly improved
the manuscript.
References
Aalto, R., L. Maurice-Bourgoin, T. Dunne, D. R. Montgomery,
C. A. Nittrouer, and J. L. Guyot (2003), Episodic sediment
accumulation on Amazonian ﬂood plains inﬂuenced by El
Nino/Southern Oscillation, Nature, 425(6957), 493–497.
doi:10.1038/nature02002.
Allegre, C. J., B. Dupre, P. Negrel, and J. Gaillardet (1996),
Sr-Nd-Pb isotope systematics in Amazon and Congo River
systems: Constraints about erosion processes, Chem. Geol.,
131(1-4), 93–112, doi:10.1016/0009-2541(96)00028-9.
Attal, M., and J. Lavé (2009), Pebble abrasion during ﬂuvial
transport: Experimental results and implications for the evo-
lution of the sediment load along rivers, J. Geophys. Res.,
114(F4), F04023, doi:10.1029/2009jf001328.
Aufdenkampe, A. K., E. Mayorga, J. I. Hedges, C. Llerena,
P. D. Quay, J. Gudeman, A. V. Krusche, and J. E. Richey
(2007), Organic matter in the Peruvian headwaters of the
Amazon: Compositional evolution from the Andes to the
lowland Amazon mainstem, Org. Geochem., 38(3), 337–364,
doi:10.1016/j.orggeochem.2006.06.003.
Baisden, W., R. Amundson, A. Cook, and D. Brenner (2002),
Turnover and storage of C and N in ﬁve density fractions from
California annual grassland surface soils, Global Biogeochem.
Cycles, 16(4), 1117, doi:10.1029/2001GB001822.
Beusen, A. H. W., A. L. M. Dekkers, A. F. Bouwman, W.
Ludwig, and J. Harrison (2005), Estimation of global river
transport of sediments and associated particulate C, N,
and P, Global Biogeochem. Cycles, 19(4), doi:10.1029/
2005gb002453.
Blair, N. E., E. L. Leithold, S. T. Ford, K. A. Peeler, J. C.
Holmes, and D. W. Perkey (2003), The persistence of
memory: The fate of ancient sedimentary organic carbon in
a modern sedimentary system, Geochim. Cosmochim. Acta,
67(1), 63–73, doi:10.1016/s0016-7037(02)01043-8.
Blodgett, T. A., and B. L. Isacks (2007), Landslide erosion rate
in the eastern cordillera of northern Bolivia, Earth Interact.,
11, 1–30, doi:10.1175/2007EI222.1.
Bouchez, J., O. Beyssac, V. Galy, J. Gaillardet, C. France-
Lanord, L. Maurice, and P. Moreira-Turcq (2010), Oxidation
of petrogenic organic carbon in the Amazon ﬂoodplain as a
source of atmospheric CO2, Geology, 38(3), 255–258,
doi:10.1130/g30608.1.
Bouchez, J., J. Gaillardet, C. France-Lanord, L. Maurice, and
P. Dutra-Maia (2011), Grain size control of river suspended
sediment geochemistry: Clues fromAmazonRiver depth proﬁles,
Geochem. Geophys. Geosyst., 12, doi:10.1029/2010gc003380.
Boutton, T. W., W. W. Wong, D. L. Hachey, L. S. Lee,
M. P. Cabrera, and P. D. Klein (1983), Comparison of quartz
and pyrex tubes for combustion of organic samples for stable
carbon isotope analysis, Anal. Chem., 55(11), 1832–1833.
Brodie, C. R., M. J. Leng, J. S. L. Casford, C. P. Kendrick,
J. M. Lloyd, Z. Yongqiang, and M. I. Bird (2011), Evidence
for bias in C and N concentrations and d13C composition of
terrestrial and aquatic organic materials due to pre-analysis
acid preparation methods, Chem. Geol., 282(3), 67–83,
doi:10.1016/j.chemgeo.2011.01.007.
Canﬁeld, D. E. (1994), Factors Inﬂuencing organic-carbon
preservation in marine-sediments, Chem. Geol., 114(3-4),
315–329.
Carlotto, V., W. Gil, J. Cardenas, and R. Chavez (1996), Mapa
Geologico del Cuadrangula de Calca (27-s), Ministerio de
engergia y minas Instituto geologico minero y metalurgico
(INGEMMET), Republica del Peru.
Clarke, B. A., and D. W. Burbank (2010), Bedrock fracturing,
threshold hillslopes, and limits to the magnitude of bedrock
landslides, Earth Planet. Sci. Lett., 297(3), 577–586,
doi:10.1016/j.epsl.2010.07.011.
Cole, J., et al. (2007), Plumbing the global carbon cycle:
Integrating inland waters into the terrestrial carbon budget,
Ecosystems, 10(1), 172–185, doi:10.1007/s10021-006-9013-8.
Copard, Y., P. Amiotte-Suchet, and C. Di-Giovanni (2007),
Storage and release of fossil organic carbon related to
weathering of sedimentary rocks, Earth Planet. Sci. Lett.,
258(1), 345–357, doi:10.1016/j.epsl.2007.03.048.
Crespo, P. J., J. Feyen, W. Buytaert, A. Bücker, L. Breuer,
H. G. Frede, and M. Ramírez (2011), Identifying controls
of the rainfall–runoff response of small catchments in the
tropical Andes (Ecuador), J. Hydrol., 407(1), 164–174,
doi:10.1016/j.jhydrol.2011.07.021.
Dietrich, W. E., D. G. Bellugi, L. S. Sklar, J. D. Stock,
A. M. Heimsath, and J. J. Roering (2003), Geomorphic trans-
port laws for predicting landscape form and dynamics,
Geophys. Monog.-Am. Geophys. Union, 135, 103–132.
Geochemistry
Geophysics
Geosystems G3 CLARK ET AL.: ANDEAN RIVER PARTICULATE ORGANIC CARBON 10.1002/ggge.20122
1656
Dixon, R. K., S. Brown, R. Houghton, A. Solomon, M. Trexler,
and J. Wisniewski (1994), Carbon pools and ﬂux of global
forest ecosystems, Science, 263(5144), 185–189.
Dunne, T., L. A. K. Mertes, R. H. Meade, J. E. Richey, and
B. R. Forsberg (1998), Exchanges of sediment between the
ﬂood plain and channel of the Amazon River in Brazil, Geol.
Soc. Am. Bull., 110(4), 450–467.
France-Lanord, C., and L. A. Derry (1997), Organic carbon
burial forcing of the carbon cycle from Himalayan erosion,
Nature, 390(6655), 65–67.
Fuller, C. W., S. D. Willett, N. Hovius, and R. Slingerland
(2003), Erosion rates for Taiwan mountain basins: New
determinations from suspended sediment records and a
stochastic model of their temporal variation, J. Geol., 111(1),
71–87.
Gaillardet, J., B. Dupre, C. J. Allegre, and P. Negrel (1997),
Chemical and physical denudation in the Amazon River
basin, Chem. Geol., 142(3-4), 141–173.
Galy, V., J. Bouchez, and C. France-Lanord (2007a), Determi-
nation of total organic carbon content and delta C-13 in
carbonate-rich detrital sediments, Geostand. Geoanal. Res.,
31(3), 199–207, doi:10.1111/j.1751-908X.2007.00864.x.
Galy, V., C. France-Lanord, O. Beyssac, P. Faure, H. Kudrass,
and F. Palhol (2007b), Efﬁcient organic carbon burial in the
Bengal fan sustained by the Himalayan erosional system,
Nature, 450(7168), 407–U406, doi:10.1038/nature06273.
Galy, V., O. Beyssac, C. France-Lanord, and T. Eglinton
(2008a), Recycling of graphite during Himalayan erosion:
A geological stabilization of carbon in the crust, Science,
322(5903), 943–945, doi:10.1126/science.1161408.
Galy, V., C. France-Lanord, and B. Lartiges (2008b), Loading
and fate of particulate organic carbon from the Himalaya to
the Ganga-Brahmaputra delta, Geochim. Cosmochim. Acta,
72(7), 1767–1787, doi:10.1016/j.gca.2008.01.027.
Galy, V., and T. Eglinton (2011), Protracted storage of
biospheric carbon in the Ganges-Brahmaputra basin, Nat.
Geosci., 4(12), 843–847, doi:10.1038/ngeo1293.
Gentry, S., and S. R. Ortiz (1993), Patrones de composición
ﬂorística en la Amazonia Peruana, in Amazona Peruana
Vegetación humeda tropical en la llano subandino, edited
by R. Kalliola, M. Puhakka and W. Danjoy, pp. 155–166,
PAUT and ONERN, Jyvaskyla, Finland.
Gibbon, A., M. R. Silman, Y. Malhi, J. B. Fisher, P. Meir,
M. Zimmermann, G. C. Dargie,W. R. Farfan, and K. C. Garcia
(2010), Ecosystem carbon storage across the grassland-forest
transition in the high Andes of Manu National Park, Peru,
Ecosystems, 13(7), 1097–1111, doi:10.1007/s10021-010-9376-8.
Gibbs, R. J. (1967), Amazon River—Environmental factors
that control its dissolved and suspended load, Science, 156
(3783), 1734–1737.
Girardin, C. A. J., et al. (2010), Net primary productivity allo-
cation and cycling of carbon along a tropical forest elevational
transect in the Peruvian Andes, Glob. Chang. Biol., 16(12),
3176–3192, doi:10.1111/j.1365-2486.2010.02235.x.
Godwin, H. (1962), Half-life of radiocarbon, Nature, 195, 984.
Gomez, B., W. T. Baisden, and K. M. Rogers (2010), Variable
composition of particle-bound organic carbon in steepland
river systems, J. Geophys. Res., 115(F4), F04006, doi:
10.1029/2010jf001713.
Gomi, T., R. C. Sidle, M. Ueno, S. Miyata, and K. Kosugi
(2008), Characteristics of overland ﬂow generation on steep
forested hillslopes of central Japan, J. Hydrol., 361(3),
275–290, doi:10.1029/2007WR005894.
Goni, M. A., N. Monacci, R. Gisewhite, J. Crockett,
C. Nittrouer, A. Ogston, S. R. Alin, and R. Aalto (2008),
Terrigenous organic matter in sediments from the Fly River
delta-clinoform system (Papua New Guinea), J. Geophys.
Res., 113(F1), F01S10, doi: 10.1029/2006JF000653.
Graz, Y., C. Di-Giovanni, Y. Copard, N. Mathys, A. Cras, and
V. Marc (2012), Annual fossil organic carbon delivery due
to mechanical and chemical weathering of marly badlands
areas, Earth Surf. Processes Landforms, 37(12), 1263–1271,
doi:10.1002/esp.3232.
Gregory-Wodzicki, K. M. (2000), Uplift history of the Central
and Northern Andes: A review, Geol. Soc. Am. Bull., 112(7),
1091–1105.
Gröcke, D., R. Hori, J. Trabucho-Alexandre, D. Kemp, and
L. Schwark (2011), An open ocean record of the Toarcian
oceanic anoxic event, Solid Earth, 2, 245–257, doi:10.5194/
se-2-245-2011.
Guyot, J. L., N. Filizola, and A. Laraque (2005), The suspended
sediment ﬂux of the River Amazon at Obidos, Brazil,
1995–2003, in Sediment Budgets 1, edited by D. E. Walling
and A. J. Horowitz, pp. 347–354, International Association of
Hydrological Sciences, Wallingford, UK.
Hatten, J. A., M. A. Goñi, and R. A.Wheatcroft (2012), Chemical
characteristics of particulate organic matter from a small,
mountainous river system in the Oregon Coast Range, USA,
Biogeochemistry, 1–24, doi:10.1007/s10533-010-9529-z.
Hedges, J. I., W. A. Clark, P. D. Quay, J. E. Richey, A. H. Devol,
and U. d. M. Santos (1986a), Compositions and ﬂuxes of
particulate organic material in the Amazon River, Limnol.
Oceanogr., 31(4), 717–738.
Hedges, J. I., J. R. Ertel, P. D. Quay, P. M. Grootes, J. E. Richey,
A. H. Devol, G. W. Farwell, F. W. Schmidt, and E. Salati
(1986b), Organic carbon-14 in the Amazon River system,
Science, 231(4742), 1129–1131.
Hedges, J. I., and R. G. Keil (1995), Sedimentary organic-
matter preservation—An assessment and speculative synthe-
sis, Mar. Chem., 49(2-3), 81–115.
Hedges, J. I., et al. (2000), Organic matter in Bolivian tribu-
taries of the Amazon River: A comparison to the lower main-
stream, Limnol. Oceanogr., 45(7), 1449–1466.
Hietz, P., W. Wanek, R. Wania, and N. M. Nadkarni (2002),
Nitrogen-15 natural abundance in a montane cloud forest
canopy as an indicator of nitrogen cycling and epiphyte
nutrition, Oecologia, 131(3), 350–355, doi:10.1007/
S00442-002-0896-6.
Hilton, R. G., A. Galy, and N. Hovius (2008a), Riverine
particulate organic carbon from an active mountain belt:
Importance of landslides, Global Biogeochem. Cycles, 22,
BG1017, doi:10.1029/2006GB002905.
Hilton, R. G., A. Galy, N. Hovius, M.-C. Chen, M.-J. Horng,
and H. Chen (2008b), Tropical-cyclone-driven erosion
of the terrestrial biosphere from mountains, Nat. Geosci.,
1(11), 759–762, doi:10.1038/ngeo333.
Hilton, R. G., A. Galy, N. Hovius, M.-J. Horng, and H. Chen
(2010), The isotopic composition of particulate organic
carbon in mountain rivers of Taiwan, Geochim. Cosmochim.
Acta, 74(11), 3164–3181, doi:10.1016/j.gca.2010.03.004.
Hilton, R. G., A. Galy, N. Hovius, M.-J. Horng, and H. Chen
(2011a), Efﬁcient transport of fossil organic carbon to the
ocean by steep mountain rivers: An orogenic carbon seques-
tration mechanism, Geology, 39(1), 71–74, doi:10.1130/
g31352.1.
Hilton, R. G., P. Meunier, N. Hovius, P. J. Bellingham, and
A. Galy (2011b), Landslide impact on organic carbon cycling
in a temperate montane forest, Earth Surf. Processes
Landforms, 36(12), 1670–1679, doi:10.1002/esp.2191.
Hilton, R. G., A. Galy, N. Hovius, S.-J. Kao, M.-J. Horng, and
H. Chen (2012), Climatic and geomorphic controls on the
erosion of terrestrial biomass from subtropical mountain
Geochemistry
Geophysics
Geosystems G3 CLARK ET AL.: ANDEAN RIVER PARTICULATE ORGANIC CARBON 10.1002/ggge.20122
1657
forest, Global Biogeochem. Cycles, 26(3), GB3014, doi:
10.1029/2012gb004314.
Hovius, N., C. P. Stark, H. T. Chu, and J. C. Lin (2000),
Supply and removal of sediment in a landslide-dominated
mountain belt: Central Range, Taiwan, J. Geol., 108(1),
73–89, doi:10.1086/314387.
Hua, Q., and M. Barbetti (2004), Review of tropospheric bomb
14C data for carbon cycle modeling and age calibration
purposes, Radiocarbon, 46(3), 1273–1298.
Kao, S. J., and K.-K. Liu (1996), Particulate organic carbon
export from a subtropical mountainous river (Lanyang Hsi)
in Taiwan, Limnol. Oceanogr., 41(8), 1749–1757.
Kao, S. J., and K. K. Liu (2000), Stable carbon and nitro-
gen isotope systematics in a human-disturbed watershed
(Lanyang-Hsi) in Taiwan and the estimation of bio-
genic particulate organic carbon and nitrogen ﬂuxes,
Global Biogeochem. Cycles, 14(1), 189–198, doi:10.1029/
1999gb900079.
Kao, S. J., and J. D. Milliman (2008), Water and sediment dis-
charge from small mountainous rivers, Taiwan: The roles of
lithology, episodic events, and human activities, J. Geol.,
116(5), 431–448, doi:10.1086/590921.
Killeen, T. J., M. Douglas, T. Consiglio, P. M. Jørgensen,
and J. Mejia (2007), Dry spots and wet spots in the
Andean hotspot, J. Biogeogr., 34(8), 1357–1373, doi:10.1111/
j.1365-2699.2006.01682.x.
Komada, T., E. R. M. Druffel, and S. E. Trumbore (2004),
Oceanic export of relict carbon by small mountainous
rivers, Geophys. Res. Lett., 31(7), L07504, doi:10.1029/
2004gl019512.
Körner, C., G. Farquhar, and Z. Roksandic (1988), A global
survey of carbon isotope discrimination in plants from high
altitude, Oecologia, 74(4), 623–632.
Leithold, E. L., N. E. Blair, and D. W. Perkey (2006), Geomor-
phologic controls on the age of particulate organic carbon
from small mountainous and upland rivers, Global
Biogeochem. Cycles, 20(3), doi:10.1029/2005gb002677.
Lupker, M., C. France-Lanord, J. Lavé, J. Bouchez, V. Galy,
F. Métivier, J. Gaillardet, B. Lartiges, and J.-L. Mugnier
(2011), A Rouse-based method to integrate the chemical
composition of river sediments: Application to the Ganga
basin, J. Geophys. Res., 116(F4), F04012, doi:10.1029/
2010jf001947.
Lyons, W. B., C. A. Nezat, A. E. Carey, and D. M. Hicks
(2002), Organic carbon ﬂuxes to the ocean from high-
standing islands, Geology, 30(5), 443–446, doi:10.1130/
0091-7613(2002)030< 0443:ocftto> 2.0.co;2.
Malhi, Y., M. Silman, N. Salinas, M. Bush, P. Meir, and
S. Saatchi (2010), Introduction: Elevation gradients in the
tropics: Laboratories for ecosystem ecology and global
change research, Glob. Chang. Biol., 16(12), 3171–3175,
doi:10.1111/j.1365-2486.2010.02323.x.
Malhi, Y. (2012), The productivity, metabolism and carbon
cycle of tropical forest vegetation, J. Ecol., 100(1), 65–75,
doi:10.1111/j.1365-2745.2011.01916.x.
Marengo, J. A., W. R. Soares, C. Saulo, and M. Nicolini
(2004), Climatology of the low-level jet east of the Andes
as derived from the NCEP-NCAR reanalyses: Characteristics
and temporal variability, J. Climate, 17(12), 2261–2280.
Martinez, J. M., J. L. Guyot, N. Filizola, and F. Sondag (2009),
Increase in suspended sediment discharge of the Amazon
River assessed by monitoring network and satellite data,
Catena, 79(3), 257–264, doi:10.1016/j.catena.2009.05.011.
Mayorga, E., A. K. Aufdenkampe, C. A.Masiello, A. V. Krusche,
J. I. Hedges, P. D. Quay, J. E. Richey, and T. A. Brown (2005),
Young organic matter as a source of carbon dioxide outgassing
from Amazonian rivers, Nature, 436(7050), 538–541,
doi:10.1038/nature03880.
McClain, M. E., and R. J. Naiman (2008), Andean inﬂuences
on the biogeochemistry and ecology of the Amazon River,
Bioscience, 58(4), 325–338, doi:10.1641/b580408.
Meade, R. H., C. F. Nordin, W. F. Curtis, F. M. Costarodrigues,
C.M. Dovale, and J. M. Edmond (1979), Sediment loads in the
Amazon River, Nature, 278(5700), 161–163.
Meade, R. H., T. Dunne, J. E. Richey, U. D. Santos, and E.
Salati (1985), Storage and remobilisation of suspended sedi-
ment in the lower Amazon River of Brazil, Science, 228
(4698), 488–490.
Meybeck, M., and A. Ragu (1997), River discharges to the
oceans: An assessment of suspended solids, major ions and
nutrients, 245 pp, Report to the United Nations Environmen-
tal Programme, World Health Organization, Nairobi, Kenya.
Milliman, J. D., and J. P. M. Syvitski (1992), Geomorphic
tectonic control of sediment discharge to the ocean—The
importance of small mountain rivers, J. Geol., 100(5),
525–544.
Montgomery, D. R., G. Balco, and S. D. Willett (2001),
Climate, tectonics, and the morphology of the Andes,
Geology, 29(7), 579–582, doi:10.1130/0091-7613(2001)
029< 0579:CTATMO> 2.0.CO;2.
Pawson, R., M. Evans, and T. Allott (2012), Fluvial carbon
ﬂux from headwater peatland streams: Signiﬁcance of partic-
ulate carbon ﬂux, Earth Surf. Processes Landforms, doi:
10.1002/esp.3257.
Rao, Y. (2011), Variation in plant carbon and nitrogen isotopes
along an altitudinal gradient in the Peruvian Andes, B.Sc.
thesis, 60 pp, Department of Earth Sciences, Durham
University, Durham.
Richey, J. E., R. H. Meade, E. Salati, A. H. Devol, C. F. Nordin,
and U. Dossantos (1986), Water discharge and suspended
sediment concentrations in the Amazon River 1982-1984,
Water Resour. Res., 22(5), 756–764.
Richey, J. E., C. Valarezo, C. Valarezo, and C. Valarezo
(1990), Biogeochemistry of carbon in the Amazon River,
Limnol. Oceanogr., 35, 352–371.
Richey, J. E., J. M.Melack, A. K. Aufdenkampe, V.M. Ballester,
and L. L. Hess (2002), Outgassing from Amazonian rivers and
wetlands as a large tropical source of atmospheric CO2,Nature,
416(617-620).
Schenk, C. J., R. J. Viger, and C. P. Anderson (1999), South
America Geologic Map (geo6ag), U.S. Geological Survey,
Central Energy Resources Team, Denver, Colorado, USA.
Slota, P. J., A. J. T. Jull, T. W. Linick, and L. J. Toolin
(1987), Preparation of small samples for 14C accelera-
tor targets by catalytic reduction of CO, Radiocarbon,
29, 303–306.
Smith, J. C., A. Galy, N. Hovius, A. M. Tye, J. M. Turowski,
and P. Schleppi (2013), Runoff-driven export of particulate
organic carbon from soil in temperate forested uplands,
Earth Planet. Sci. Lett., 365, 198–208, doi:10.1016/j.
epsl.2013.01.027.
Stallard, R. F. (1998), Terrestrial sedimentation and the carbon
cycle: Coupling weathering and erosion to carbon burial,
Global Biogeochem. Cycles, 12(2), 231–257.
Still, C. J., P. N. Foster, and S. H. Schneider (1999), Simulating
the effects of climate change on tropical montane cloud
forests, Nature, 398(6728), 608–610.
Stuiver, M., and H. A. Polach (1977), Discussion: Reporting of
14C data, Radiocarbon, 19(3), 355–363.
Townsend-Small, A., M. E. McClain, and J. A. Brandes (2005),
Contributions of carbon and nitrogen from the Andes
Mountains to the Amazon River: Evidence from an elevational
Geochemistry
Geophysics
Geosystems G3 CLARK ET AL.: ANDEAN RIVER PARTICULATE ORGANIC CARBON 10.1002/ggge.20122
1658
gradient of soils, plants, and river material, Limnol. Oceanogr.,
50(2), 672–685.
Townsend-Small, A., J. L. Noguera, M. E. McClain, and
J. A. Brandes (2007), Radiocarbon and stable isotope
geochemistry of organic matter in the Amazon headwaters,
Peruvian Andes, Global Biogeochem. Cycles, 21(2),
doi:10.1029/2006gb002835.
Townsend-Small, A., M. E. McClain, B. Hall, J. L. Noguera,
C. A. Llerena, and J. A. Brandes (2008), Suspended
sediments and organic matter in mountain headwaters of
the Amazon River: Results from a 1-year time series study
in the central Peruvian Andes, Geochim. Cosmochim. Acta,
72(3), 732–740, doi:10.1016/j.gca.2007.11.020.
Tranvik, L. J., et al. (2009), Lakes and reservoirs as regulators
of carbon cycling and climate, Limnol. Oceanogr., 54(6),
2298–2314.
West, A. J., et al. (2011), Mobilization and transport of
coarse woody debris to the oceans triggered by an extreme
tropical storm, Limnol. Oceanogr., 56(1), 77–85, doi:10.4319/
lo.2011.56.1.0077.
Wittmann, H., F. von Blanckenburg, J. L. Guyot, L. Maurice,
and P. Kubik (2009), From source to sink: Preserving the
cosmogenic 10Be-derived denudation rate signal of the
Bolivian Andes in sediment of the Beni and Mamoré fore-
land basins, Earth Planet. Sci. Lett., 288(3), 463–474,
doi:10.1016/j.epsl.2009.10.008.
Wittmann, H., F. von Blanckenburg, L. Maurice, J.-L. Guyot,
N. Filizola, and P. W. Kubik (2011), Sediment production
and delivery in the Amazon River basin quantiﬁed by in
situ-produced cosmogenic nuclides and recent river loads,
Geol. Soc. Am. Bull., 123(5-6), 934–950, doi:10.1130/
b30317.1.
Zimmermann, M., P. Meir, M. Bird, Y. Malhi, and
A. Ccahuana (2009), Climate dependence of heterotrophic
soil respiration from a soil-translocation experiment along a
3000 m tropical forest altitudinal gradient, Eur. J. Soil Sci.,
60(6), 895–906, doi:10.1111/j.1365-2389.2009.01175.x.
Zimmermann, M., et al. (2010), No differences in soil carbon
stocks across the tree line in the Peruvian Andes, Ecosystems,
13, 62–74, doi:10.1007/s10021-009-9300-2.
Geochemistry
Geophysics
Geosystems G3 CLARK ET AL.: ANDEAN RIVER PARTICULATE ORGANIC CARBON 10.1002/ggge.20122
1659
